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ABSTRACT
The adult auditory system of the cricket, Gryllus bimaculatus, exhibits a rare example of
neuronal plasticity. Upon deafferentation, medial dendrites that normally respect the midline of
the prothoracic ganglion in the central nervous system are observed to sprout across the
boundary and form synaptic connections with the contralateral auditory afferents. The
mechanism behind this phenomenon remains unclear, but the Horch Lab has aimed to investigate
key molecular factors that might play a causal role in this paradigm. Specifically, the protein
Sema1a.2 comes from a family of guidance molecules and is an intriguing subject of interest due
to its role in developmental neuronal plasticity in other organisms. In this study, I explored the
role of Sema1a.2 in the neuronal plasticity of the adult auditory system of the cricket by
conducting a series of dsRNA knockdown experiments targeting Sema1a.2 followed by backfill
procedures in which we iontophoresed dye into the Ascending Neurons (ANs) to visualize the
anatomical effects of the knockdown experiments using confocal microscopy. First, an analysis
was performed on cricket maturation rates to investigate the effects of injection types as well as
the sexually dimorphic response to injections. Although Sema knockdown was observed to
significantly impact maturation timing, showing a phenotypic effect of a prolonged maturation
rate, analysis did not observe any effect of sex on maturation rate. Additionally, we found that
there were no significant differences between animals injected with dsRNA against GFP and
Sema1a.2 volume, which did not support our hypothesis. However, we believe with an increase
in cohort size, the trends observed, particularly in the effect of Sema1a.2 knockdowns on CWM
and CBM volumes, will become more pronounced and significant. Qualitative analysis on AN
morphology also showed no significant difference between Sema injected and GFP control
crickets; although, a trend in observed midline crossing favored Sema injected crickets, which
also has potentially to become more distinguished with an increase in cohort.
Future directions include improving the quality of the backfill procedures, increasing the
cohort size, and further investigating the molecular mechanism behind this phenomenon. Some
potential future pathways the Horch lab could follow are conducting double knockdowns of
Sema1a.2 and Sema2a to observe if these two proteins are working together to create a more
obvious effect on midline crossing and branching. Other options also include looking into other
protein families that might be the causing factor in this rare phenomenon, such as the toll-like
receptors; although, prior work on this subject has strongly supported the Semaphorin family
having a causal role in neuronal plasticity and will mostly likely continue down this investigative
route.
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INTRODUCTION
Neuronal plasticity is defined as the ability of the central nervous system (CNS) to
reorganize neuronal connections both structurally and functionally. The ‘plastic’ nature of the
nervous system can be better understood through its functionality. Under normal circumstances,
nervous system functionality depends heavily on the proper growth and branching, or
arborization, of dendrites. Because each dendritic spine is a site for synaptic contact, the number
of synapses received by neurons is dependent on the size and shape of dendrites as well as the
density of spines (McAllister 2000). Upon the formation of the highly specific patterns of
synaptic connectivity, the nervous system can effectively communicate, but communication is
dependent on how and when the connections are created (Goodman & Shatz 1993). The plastic
nature of the developing central nervous system allows for functional recovery by creating new
connections in response to internal and environmental factors.
Adult nervous systems are far less ‘plastic’ than developing ones, but there are instances
in which neural plasticity is observed in mature nervous systems. This study focused on the
phenomenon that occurs in the adult auditory system of the cricket, Gryllus bimaculatus, upon
deafferentation. Deafferentation describes the destruction of afferent connections of nerve cells
that results in the loss of most synaptic input. Identifying the key, causal factors involved in the
mechanism for adult neuronal plasticity in this organism will provide us more understanding of
what occurs after deafferentation. We investigated the role of the protein Sema1a.2, which might
be involved in facilitating compensatory dendritic and axonal growth across the midline in
response to deafferentation, which will give us valuable insight into the plasticity of the adult
cricket nervous system.
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General Dendritic Growth and Maintenance in the Nervous System
Synaptic connections and circuit specificity, which are influenced by dendritic
development and growth, create a network for neurons to communicate and relay information
throughout the central nervous system. This relationship elucidates why CNS functionality is
profoundly determined by the production and arborization of dendrites (McAllister, 2000).
Dendritic growth is initiated by extensive networks of filopodia, dynamic protrusions that can be
precursors for dendritic spines (Dailey & Smith, 1996; Furutani & Yoshihara, 2018). Most of
these structures are defined as transitory because they are rapidly extending and retracting, but
those destined to develop into dendritic spines branch towards axonal growth cones in
presynaptic axons (Dailey & Smith, 1996). Once the dendritic filopodia mature into dendritic
spines, the arbor subsequently starts growing and branching, which results in increased capacity
for synapse formation (Neill et al., 2004).
The interaction between filopodia and axons leading to synaptogenesis, the technical term
for the formation of synapses, is highly regulated by electrical neural activity levels along with
intrinsic mechanisms (McAllister, 2000). Studies have identified essential regulators of dendritic
maturation: Ca2+-dependent pathways activated by neuronal activity. Specifically, pathways in
which Ca2+ signaling depends on calmodulin-dependent protein kinases (CaMKs) stimulate the
transcription of Wnt-2, a secreted glycoprotein and cAMP response element-binding protein
(CREB)-responsive gene, which influences dendritic growth and branching (Waymen et al.,
2006). This highly specific pathway shows us that dendritic growth is dependent on neuronal
activity, which is important for understanding what is occurring on a molecular level in the
nervous system and could be essential for development of a mechanism for the neuronal
plasticity of the cricket auditory system.
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Injury-Induced Neuronal Plasticity
Neuronal plasticity is an adaptive feature of the nervous system that allows it to
reorganize neural pathways in response to new stimulation, damage, or a variety of external and
internal factors (Taupin, 2007). During the development of the nervous system, neuronal
plasticity is at its peak potential due to the rapid growth of dendrites and the weak synaptic
inputs that allow more flexibility for structural alterations. As neurons mature, dendritic arbor
dynamics become more stabilized through the establishment of stronger synaptic inputs and
slower growth rates. By being ‘plastic’ in developmental stages, the nervous system allows more
structural rearrangements in response to inherent or external factors, such as guidance cues and
molecules or external stimuli, while it builds its complex network. As the connections become
stronger with maturation, the nervous system typically becomes more concrete and less
responsive to external elements (Wu et al., 1999). But in what circumstances might the adult
nervous system exhibit ‘plastic’ characteristics, and how might it be advantageous?
Injury-induced plasticity is a particularly interesting example of adult neuronal plasticity
and is relevant to modern medicine. Upon acute injury of the nervous system, axons are severed,
and dendrites typically degenerate, which causes loss of synaptic connections and profound
disruptions in neural communication. Typically, these events cause the dysregulation of Ca2+
homeostasis because the neuronal activity has been lowered, which can lead to rapid neuronal
death (Wojda et al., 2008). However, there are instances in many nervous systems where neurons
are regenerated, new neurons are developed, or other phenomena occur to restore the lost
synaptic input following an injury. Increasing our understanding of mechanisms responsible for
these restorative occurrences can help improve treatment options for traumatic nervous system
injuries, and possibly diseases linked to neuron degeneration, such as epilepsy and schizophrenia
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(Wojda et al., 2008). One model system of neuronal plasticity in the adult is the simple auditory
system of the cricket, Gryllus bimaculatus, which responds in a sophisticated way to injury. This
system exhibits compensatory growth in response to deafferentation, which is why we have
chosen to focus on this paradigm in our study.

Anatomy of the Cricket Auditory System
The cricket auditory system includes tympanic membranes located on the tibia of each
foreleg, which receive sensory input from the environment. Auditory afferents project from the
underlying auditory organs through Nerve 5 into the prothoracic ganglion (PTG), where they
form synapses with postsynaptic interneurons, specifically the Ascending Neurons (ANs). The
ANs exist in mirror-image pairs—Ascending Neuron-1s (AN-1s) and Ascending Neuron-2s
(AN-2s)—and each pair responds to a specific sound frequency (Figure 1). AN-1 responds best
to low frequencies, <5kHz, such as cricket calling song, and AN-2 responds best to high
frequencies, >15 kHz, such as bat ultrasound (Kostarakos and Hedwig, 2017). Cricket responses
to specific sound frequencies play an important role in positive and negative phonotaxis, which
are the ways in which crickets are attracted or repelled by cricket song or predatory sounds,
respectively (Stabel et al., 1989). Normally, the dendritic arbors of both ANs grow towards, but
not over, the midline of the ganglion (Horch et al., 2011). The ANs extend axons upwards into
the brain, where the auditory neuropil is located, and auditory information is relayed to
descending motor pathways.
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Figure 1. Image of Ascending Neuron-1 and Ascending Neuron-2, which both include a mirror
image pair not shown, within the prothoracic ganglion (TG1 ~ thoracic ganglion 1; also known
as PTG). The cell body is located on the contralateral side of afferent input while the dendrites
are on the ipsilateral side to the afferent input and respect the midline. Image obtained from
Kostarakos and Hedwig, 2017.

Neuronal Plasticity of the Cricket Auditory System
Amputation of the cricket’s foreleg damages the auditory afferents and deafferents the
ANs on the ipsilateral side, triggering a rare anatomical phenomenon. The medial dendrites,
which normally respect the midline of the PTG, are observed to sprout across the midline after
deafferentation and form functional synaptic connections with the contralateral auditory afferents
(Figure 2). This compensatory growth of the ipsilateral dendrites allows for the damaged half of
the auditory system to restore lost synaptic input and respond again to sound (Horch et al., 2011).
The mechanism behind this paradigm is unknown but, using the knowledge we have about
developmental cues for neuronal plasticity, we can investigate the proteins involved in this
example of adult neuronal plasticity.
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Figure 2. A) Prothoracic ganglion of uninjured cricket. Shows Ascending Neuron-2 mirror
image pair (green and gray) over their respective auditory afferents (“red mitten”). Medial
dendrites approach the midline (dotted line) but do not cross. The soma (S) is located on the
contralateral side of the dendrites and axons (Ax) extend upwards toward the brain. B) Upon
deafferentation the medial dendrites that usually respect the midline are seen to sprout across this
boundary and form connections with the contralateral auditory afferents. This leads to the
compensatory recovery of the affected neurons. Image adapted from Fisher et al., 2018.

Guidance Molecules and the Semaphorin Family
One of the many factors that play an influential role in development of the CNS is
guidance molecules. Guidance molecules, specifically those associated with axon guidance, can
behave as chemotropins, which are substances that stimulate chemotaxis. More specifically,
guidance molecules can be categorized as chemoattractants or chemorepellents, which have been
shown to influence dendritic and axonal growth and branching (Stoeckli, 2018; Colamarino &
Tessier-Lavigne, 1995). Chemoattractants guide extending axons or dendrites towards a target
and chemorepellents make axons or dendrites avoid certain targets (Colamarino & TessierLavigne, 1995). Because chemoattractants and chemorepellents participate in these important
functions, such as guiding axonal and dendritic growth, and because there is evidence that
developmental guidance factors are regulated post-injury (specifically spinal cord injury), we
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believe these types of molecules could play an influential role in the compensatory plasticity of
the cricket auditory system (Mecollari et al., 2014, De Winter et al., 2002, Loy et al., 2021).
A particularly interesting example of chemotropins is the Semaphorin family (Figure 3).
The Semaphorins (Semas) are a family of guidance molecules composed of eight different
classes, three of which are specifically found in invertebrates (I, II, and V). All semaphorins
contain a highly conserved Sema domain, which indicates it is essential for their function. This
family of proteins is regulated during development and plays a key role in developmental
neuronal plasticity (Neufeld et al., 2011). Specifically, research on semaphorins has found that
they act as chemotropins by attracting or repelling specific axons during development, which
could indicate they might act similarly in the adult cricket nervous system as an influencer for
axonal and dendritic growth (Raper, 2000).
Previous research in the Horch Lab has focused on the first class of semaphorins, more
specifically Sema1a, a transmembrane protein found in invertebrates. In the grasshopper,
Sema1a has been identified to influence sensory axons possibly as either a chemoattractant or
repellant—its function remains unclear for the ingrowth of tibial pioneer neurons from the
developing limb buds (Kolodkin et al., 1992). Additionally, Sema1a acts as a chemorepellent for
motor axons in Drosophila melanogaster by delaying the growth of growth cones during fly
development (Raper, 2000). These examples of Sema1 and Sema1a in other organisms suggest
great potential for their functions to be well-conserved in the mechanism for neural plasticity
seen in the auditory system of the cricket.
Two types of Sema1as were found to be expressed in G. bimaculatus: Sema1a.1 and
Sema1a.2 (Horch et al., 2019). A much stronger expression of Sema1a.2 was observed in the
CNS compared to Sema1a.1, specifically in the mushroom bodies of the brain and in the
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prothoracic ganglion of the cricket (Figure 4a), which is what has made it more attractive as a
potential factor in this phenomenon. However, the expression levels of Sema1a.2’s receptor,
PlexinA, was nearly absent in the PTG, indicating that Sema1a.2 might use a different signaling
pathway in this system (Figure 4b; Horch et al., 2019). Additionally, research using qPCR has
shown that mRNA levels of Sema1a.2 are regulated after deafferentation (Figure 5; Chong,
2015). Sema1a.2 mRNA levels in the PTG are observed to drop significantly eighteen hours after
deafferentation in adult crickets. However, after five days, mRNA levels are returned to control
levels (Chong, 2015). These regulated levels of Sema1a.2 correlate with the sprouting and
midline crossing of AN dendrites in the PTG, as well as branching and synapse formation (Horch
et al. 2017). This correlation between the timing of Sema1a.2 mRNA level changes and critical
events in the compensatory plasticity of the cricket auditory system makes it an ideal candidate
for possible guidance and causation of this phenomenon.

Figure 3. There are 8 different classes of semaphorins, 3 specifically are found in invertebrates
(1, 2, and 5) and all semaphorins contain a highly conserved Sema domain (red rectangle). These
proteins are highly regulated during development and play key roles in developmental neural
plasticity. Figure obtained from Neufeld et al., 2012.
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A)

B)

Figure 4. In situ hybridization targeting Sema1a.2 (A) and Plexin A (B) in the prothoracic
ganglion of the cricket. A) Image of Sema1a.2 expression (purple) in the prothoracic ganglion of
the cricket (pink). B) Plexin A was almost entirely absent in prothoracic ganglion. Figures
adapted from Horch et al., 2019.

Figure 5. Sema1a.2 mRNA levels following deafferentation of cricket, Gryllus bimaculatus.
Eighteen hours after deafferentation, mRNA levels are observed to drop significantly, but after
five days they are upregulated to near control levels again. Figure adapted from previous Honors
student Megan Chong, 2015.
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Study Overview
To investigate the causal role of semaphorins in the compensatory growth of ANs in
response to sensory loss, we performed a series of double-stranded (dsRNA) knockdown
experiments in uninjured crickets to test the effects of downregulated Sema1a.2. We injected 7th
instar larval stage crickets with dsRNA targeted towards Sema1a.2 mRNA and allowed the
crickets to mature to adulthood, where we then performed backfill procedures using a relatively
new method developed by the Hedwig Lab (Isaacson & Hedwig, 2017). This novel protocol uses
iontophoresis to push dye via a suction electrode through the neural sheath of the brain to
backfill the ANs axons connected to the AN soma and dendrites in the PTG. The results from
previous studies conducted by the Horch lab have been promising but are relatively limited.
By inducing the downregulation of the Sema1a.2 mRNA and assessing the morphological
effects, we hope to understand the role of Sema1a.2 protein in the neuronal plasticity of the
cricket auditory system. We hypothesized that once Sema1a.2 is knocked down, we will observe
dendritic sprouting, some of which might spill across the midline, in comparison to controls.
This is due to Sema1a’s previously indicated, influential roles in developmental midline crossing
and branching. We believe there will be a recapitulation of Sema1a.2’s developmental function
after injury in the adult and it will potentially act as a chemorepellent in this system by repelling
or inhibiting axonal or dendritic growth, which will be tested in our knockdown experiments.
Previous research in the Horch Lab has shown encouraging results for Sema1a.2’s causal role in
the neural plasticity of the auditory system of the cricket. In this study, we have found no
significant difference between general or midline dendritic sprouting, although with an increase
in cohort, a difference might become more prominent.
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MATERIALS AND METHODS
Cricket Husbandry
An inbred colony of male and female Mediterranean field crickets, Gryllus bimaculatus,
was used in all experiments. Black and brown morphs were both used for experimental purposes.
All specimens were raised by Hadley Horch, PhD, and Marko Melendy at Bowdoin College. The
crickets were housed in a climate-controlled environment at approximately 28°C, 65-80%
humidity, and with a day/night cycle of twelve hours light and twelve hours dark. Crickets were
provided Purina cat food, water, as well as egg cartons for shelter.

dsRNA Synthesis Derived from Minipreps and gBlocks
dsRNA PCR templates were synthesized using two different methods: 1. Minipreps and
2. gBlocks. Using the first method, dsRNA was designed against the protein Sema1a.2 using two
mostly non-overlapping regions within the open reading frame of Sema1a.2, found in the
prothoracic ganglion of the cricket and previously sequenced in the Horch Lab. Sema1a.2
Region 1 and Sema1a.2 Region 2, referred to as “Sema1a.2 R1” and “Sema1a.2 R2,”
respectively, were exclusive of the conserved Sema domain (Figure 6). Sema1a.2 R1 targeted a
331 base pair sequence and Sema1a.2 R2 targeted a 206 base pair sequence, previously cloned in
the Horch Lab (Figure 7). Additionally, GFP dsRNA was synthesized as a control and had the
same sequence in both the miniprep and gBlock PCR template protocol (Table 1). Previously
synthesized PCR products or gBlocks were used as a template for RNA transcription. Samples
were then DNAse treated and purified. In addition to the above dsRNA PCR template protocol, a
batch of dsRNA templates was developed using gBlocks, DNA fragments produced by
Integrated DNA Technologies (IDT), that can be used as templates instead of PCR minipreps
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(gBlock sequences available in Table 1). The GFP and Sema1a.2 R1 gBlock sequences were
identical to the PCR minipreps, but the Sema1a.2 R2 sequence was only 140 base pairs in length
(Figure 6).
Using an Ambion Megascript T7 kit for transcription, a master mix (MM) for dsRNA
synthesis was created by adding the reagents listed in Table 2. For each 1x reaction, 2 μL of both
T7 enzyme mix and PCR template were added to 18 μL of the MM and incubated for four hours
at 37°C; reactions were scaled up 4X or 8X depending on the desired yield. After incubation,
1uL of Turbo DNAse was added to digest any leftover DNA for fifteen to thirty minutes at 37°C.
Using the Monarch® PCR & DNA Cleanup Kit and Protocol, the dsRNA was purified. All
centrifugation steps were carried out at 13,300 rpm. First, the sample was diluted using the DNA
Cleanup Binding Buffer (5:1 dilution) and spun down for one minute. The solution was then
rinsed twice with 200 μL of DNA Wash Buffer. Then, the samples were eluted in 14 μL of
nuclease-free water.
The concentrations of the samples were measured with a Nanodrop 2000
(ThermoScientific). The three respective dsRNAs—Sema1a.2 R1, Sema1a.2 R2, and GFP—
were diluted to the 3μg/μL concentration. All samples underwent a quality check by running
them on a 2% agarose gel. Finally, the samples were stored at -20°C. Prior to injection, the
dsRNA was heated to 90°C for five minutes and then cooled at room temperature for 30 minutes
to ensure double strandedness.
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Figure 6. Diagram of Sema1a.2 sequencing, which includes two mostly non-overlapping coding
regions of dsRNA to ensure no off-target effects. Sema1a.2 R1 (dark purple) targets a 331 base
pair sequence in both the miniprep and gBlock PCR template protocol. However, the Sema1a.2
R2 (blue) targets a 206 base pair sequence in the miniprep protocol and the gBlock protocol
targets a 140 base pair sequence (turquoise), which is missing the last 66 base pairs of the
miniprep sequence. All regions are not within the conserved Sema domain (light purple). The
green region is the transmembrane domain. Figure adapted from Shannon Knight, 2017.

Figure 7. Sema1a.2 R1 and R2 sequences used for dsRNA synthesis. Region 1 included a 331
base pair sequence, while Region 2 targeted a 206 base pair sequence. The two regions slightly
overlap. Figure adapted from Jack Moynihan, 2019.
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Table 1. gBlock Sequences for dsRNA Synthesis

Table 2. Master Mix Components for Transcription Reaction
Component

1x PCR reaction

RNAse-free water

6 ul

C

2ul

A

2ul

G

2ul

U

2ul

T7 10X reaction buffer

2ul

Enzyme mix

2ul

PCR Template*

2ul

*PCR template: either minipreps or gBlock
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dsRNA Injections
Small wing-bud (7th instar) larval crickets were selected for dsRNA injection from the
Horch Lab’s inbred colony of G. bimaculatus crickets. Specimens chosen had all six limbs and
possessed no visible defects. Before injection, selected crickets were placed on ice for
approximately 1-2 hours. A 10 μL Hamilton Syringe (Model 701, Luer Tip) with a disposable
30-gauge needle was used for each injection, and needles were not used more than once.
For injections, crickets were placed onto a sylgard coated petri dish ventral-side-up and
immobilized by placing dental wax at the thorax and on their two front and hind limbs to expose
the thorax-metathoracic leg joint. A 1uL volume of dsRNA (3ug/μL) was injected into the joint,
using the Hamilton syringe. The needle was driven several millimeters anteriorly towards the
center of the thorax and upon injection, remained internal for approximately thirty seconds to
ensure dsRNA expulsion. Injected crickets were then isolated in 6” x 3.5” cages with food,
water, and egg cartons for shelter. Crickets were selected for backfills 7-10 days after the
imaginal molt (or the final molt into adulthood).

Backfill Procedures
Crickets were placed onto ice approximately 1-2 hours before the backfill procedure.
While the crickets were anesthetized, the suction electrode was prepared. A glass pipette (~6080μm diameter tip and 3.5 cm length) was placed into the electrode holder containing a platinum
electrode and filled with 4% Tylose, H200 in saline. Using a syringe, neurobiotin, a
neuroanatomical tracer, was drawn into the tip of the glass pipette. The solution also included
another dye, lucifer yellow, to give the mixture an observable color. Because the two dyes are
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oppositely charged, they did not affect each other in the backfill process. Once the dye was
suctioned up, the suction electrode was placed into a micromanipulator and set aside.
Once anesthetized, the crickets were placed ventral-side-up on a malleable surface of clay
attached to a ball-joint platform for easy manipulation. The crickets were stabilized by placing
cut paperclips of varying sizes over the body and limbs. The thorax was secured first, followed
by the hind limbs and forelimbs. Then, a restraint was placed behind the neck, was anchored by
melting a 50/50 rosin/beeswax mix, and attached to pronotum, head, and clamp. During the
placement process, special care was taken to ensure all features—including wings, limbs, head,
and ears—of the cricket remained undamaged.
To gain access to the cricket brain, dissection scissors were used to make a dorsal,
superficial cut from the antennae towards the lateral ocelli and an equidistant cut rostrally.
Perpendicular cuts were made to connect the incisions and remove the top layer of the head
capsule. Forceps and dental sponges were used to remove any initial fluid leakage and expose the
brain surface.
The previously prepared suction electrode was connected to an amplifier and a reference
electrode was placed in the head cavity. Next, the electrode was manipulated and lowered onto
the surface of the brain, targeting the auditory neuropil (Figure 8). To guide the location of the
electrode, the program Audacity was used to play sound frequencies known to stimulate AN-1
and AN-2 response. Repeated tones of 5kHz, 10kHz, 18 kHz, and white noise at ~90dB for 100
milliseconds each at 250 millisecond intervals were played through two speakers located on
either side of the cricket head, approximately seven inches away. Neuronal activity in response
to sound stimuli was used to locate the auditory neuropil by slowly maneuvering the suction
electrode over the brain surface until sound-evoked action potentials were observed.
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Physiological data were collected using the program Spike2 (CED Power 1401, Version 7.17)
and stored for future use.
Upon localization of the targeted region, neurobiotin, a negatively charged compound,
was pulsated into the auditory neuropil for fifteen minutes by relaying alternating electric pulses
of +100uA with repeated 500ms pulses every 1 second, which is known as iontophoresis. Once
iontophoresis was completed, the crickets were placed in a 6” x 4.5” container with a moist paper
towel for 16-24 hours at 4°C.

Brain

PTG
Figure 8. Diagram of backfill procedure performed on injected crickets. A suction electrode
(purple tip) is placed on the auditory neuropil exposed on the surface of the brain. Once the
auditory neuropil is localized via the playing of specific sound frequencies known to induce a
response, neurobiotin is iontophoresed using positive, alternating electric pulses. The dye is
picked up by cells that travel down the axon of the ascending neuron overnight to the cell bodies
in the prothoracic ganglion (PTG). Figure adapted from Kostarakos and Hedwig, 2017 and
previous honors student, Sam Brill-Weil, 2020.
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Tissue Fixation and Preparation
After 18-24 hours, the crickets were placed ventral-side-up on a sylgard coated petri dish.
The lower abdomen, head, and front two legs were secured using pins for stability, while the rear
legs were amputated. Once secured, bilateral, vertical, and superficial incisions were made on the
prothoracic ganglion’s abdominal skin to expose the abdominal cavity. A horizontal cut was
made across the base of the thorax to peel back and remove the abdominal skin flap after
disconnecting it from any attachments within. The prothoracic ganglion (PTG) was then
removed after its six connections were severed and it was immediately placed in cricket saline.
To fix the tissue, the PTG was placed in 2.5% paraformaldehyde in phosphate buffer (PB; 0.1M,
pH 7.3) for approximately one hour.
The PTG was then rinsed three times in PB and stored for up to five days in PB. A series
of 4 x 1 hour 0.5% Triton X in bicarbonate buffer rinses (2.10g of NaHCO3 and 4.44g of NaCl
to 25mL of 10% Triton X in 500mL dH20, pH = 8.19) were completed. The PTG was then
added to a separate solution of 0.5% Triton X bicarbonate buffer and a 1:200 dilution of
Streptavidin 594. The samples were wrapped in aluminum foil and placed at 4°C for 72 hours.
After 72 hours, the 4 x 1 hour Triton rinses were repeated, but in contrast were followed
by a series of 6 x 10 minute ethanol rinses of varying concentrations in the following order: 70%,
80%, 90%, 95%, and 100% (two rinses). During this process, the samples remained wrapped in
aluminum foil to protect them from light and were left on an orbital shaker. Once the ethanol
washes were completed, the samples were mounted onto glass slides while submerged in methyl
salicylate solution for visualization via confocal microscopy. When slides were not in use, they
were protected from light and kept at 4°C.
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Visualization via Confocal Microscopy
The fixed tissue samples were visualized using a confocal microscope (Leica DM6 CS
LASX) and 3-D images were collected using 488 nm (green) and 552nm (red) lasers both at 10x
and 40x objectives. The 488nm laser was used to identify the autofluorescence present at the
midline of the prothoracic ganglion and the 552 nm laser was used to visualize the backfilled
ascending neurons.
Image Analysis via Imaris
To conduct a blind analysis, the confocal images were randomized and coded by a third
party. Confocal images generated in a different fluorophore method by previous Horch Lab
Honors student, Jack Moynihan 2019, were also included in the volumetric data analysis to
expand the cohort. Uninjected cricket images were included as additional controls. The
randomized images [n = 26 (Control: n = 11; Sema: n = 15] were processed using Imaris, a
microscopy image analysis software program (Imarisx67, Version 9.7.2) to obtain volumetric
data about the AN dendritic morphology. The images underwent volumetric analysis across the
following four regions of interest (ROIs): posterior dendrites (PD), whole main (WM), crossing
within midline (CWM), and crossing beyond midline (CBM) (Figure 9). The parameters for the
ROIs were relative to each individual cell and were determined by the guidelines listed below.
The midline of the prothoracic ganglion was first localized by identifying the
autofluorescent glial cells in the PTG, which appear in a straight line perpendicular to the
auditory afferents—this estimation technique has been characterized in previous research (Figure
10; Pfister et al., 2013). Once the midline was estimated, the parameters for the CWM ROI was
created with a consistent width of 10 microns. All dendritic branching extending beyond this
region was segmented as CBM. Posterior dendrites (PD) were identified as dendritic branches
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that projected from the curved base of the large dendrite in a posterior direction. For determining
Whole Main (WM), the entirety of the cell was outlined but did not include the axons protruding
upwards toward the brain, extensions towards the cell body. To keep consistency across ROIs,
the volumization for PD was used and WM was calculated by adding together the PD volume
and the rest of cell, which was outlined separately.
Once segmentation was complete, separate channels were created for each image in
Imaris for each of these ROIs. Next, surfaces for each ROI channel were placed on dendrites for
volumization using the following parameters: smoothing setting of 0.45 um, automatic
thresholding for background subtraction 0.6 um, manual threshold value for background
subtraction relative to each image, and number of voxels relative to each image. The manual
threshold value was dependent on the light intensity of the dendrites captured in each individual
image and was adjusted until the surface of whole ROI was covered. Additionally, volumized
surfaces found to have no dendritic connections to the ascending neurons were removed and
referred to as background. Once the image was cleaned, the volume of each ROI was measured
using the statistics feature within Imaris.
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Figure 9. Regions of interest in volumetric data analysis via Imaris: A) Posterior Dendrites B)
Whole Main C) Crossing Within Midline D) Crossing Beyond Midline. Determination of each
ROI was relative to each individual backfilled cell.
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A

B

C

D

E

Figure 10. Volumized confocal microscopy image of a Sema1a.2- dsRNA injected cricket via
Imaris. A) Localization of midline within the prothoracic ganglion of the cricket using Imaris.
The fluorescent glial cells were used an indicator for placement of the rightmost white
rectangular box. B) Once the midline was identified, volumetric analysis of the CWM ROI could
be completed and observed as shown above. C) CBM for this specific cell as well as D) Posterior
dendrites and E) Whole Main, which included the posterior dendrites. Pink and blue coloring
indicate distance from origin.
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Qualitative and Quantitative Analysis
While blindly analyzing the backfilled cells, each image was characterized using the
following categories: whether both AN-1 and AN-2 were stained, sporadic branching vs
contained branching, dendritic arbor morphology, midline boundary, and the presence of a hole
between the dendritic arbor and the base of the large dendrite (Figure 11). After completing the
blinded volumization of the confocal images, a two-way ANOVA test along with a protected
Bonferroni multiple comparisons post-test was conducted to analyze the compare the volumetric
measurements obtained Imaris for Control (n = 11) and Sema1a.2- (n = 17) injected crickets in
reference to the four ROIs. Additionally, the two groups were compared using an unpaired t-test
in regard to percent volume—CWM and CBM total over the entirety of the cell volume (WM).
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Figure 11. Ascending Neurons in the PTG of Gryllus bimaculatus were stained via iontophoresis
and visualized using confocal microscopy at a 40x objective. The cohort of images were
analyzed of a variety of physical characteristics to potentially identify differences between
Sema1a.2 and control cricket cells. The images were analyzed on the following on four
characteristics: A) Sporadic vs contained dendritic extensions. Sporadic cells appear to have
many singular dendritic extensions from the arbor as well as the tail of the cell, which make it
appear less ‘tamed.’ Contained cells appear more bounded and have little to no abnormal
dendritic protrusions. B) Arbor morphology. The dendritic arbor among specimens could be
categorized as having either a round or indented boundary of the medial dendritic arbor, as
shown above. Indented boundaries have a less robust arbor compared to round cells. C) Midline
boundary. The appearance of the dendrites closest to the midline were analyzed to be either
respective of the midline boundary, meaning there was an observed roundness at the edge of the
arbor, or ‘crossed,’ meaning there were observed dendrites extending outward of the arbor and
toward the midline. D) Presence of hole in between the medial dendritic arbor and the base of the
large dendrite.
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RESULTS
Cricket Maturation Rate
An analysis was performed on the rate of cricket maturation following injection to
investigate if there were disparities associated with injection types or sex of the cricket. The
analysis included maturation timing data from previous Honors student, Jack Moynihan, in 2019.
Maturation time was defined as days between injection and the date of molting to adulthood.
Upon the completion of an unpaired t-test, results showed there was no significant difference
between male and female crickets (p = 0.400); however, a significant difference was observed
between Sema1a.2- and GFP-injected cricket maturation timing (p = 0.0171; Table 3; Figure 12).

Table 3. t-test Results Investigating Effects of Injection Type and Sex on Cricket Maturation
Timing
n
Mean (days)
SD
t-test (p-value)
GFP
Sema 1a.2
Female
Male

24
74
49
49

13.3
15.4
14.5
15.2

3.33
3.70
3.65
3.77

0.0171
0.401

25

B

Days

20
0

15
10

Difference between means

10

25

-10

5
Sema

GFP

GFP
Sema

30

15

25

10

20

5

15

0

10

-5

Difference between means

30

Days

A

5
Female

Male

Male
Female

Figure 12. Comparison of cricket maturation timing, specifically between: A) Sema- vs GFPinjected crickets and B) Male vs Female crickets. A significant difference was observed between
Sema- and GFP-injected cricket maturation rates (p = 0.0171). The right portion of the figures
indicated the difference between the two group means. In Figure A, a large difference is
observed between the Semas and GFPs.

Qualitative Analysis
Crickets injected with dsRNA targeting two regions of Sema1a.2 and GFP all underwent
backfill, visualization, and volumization procedures to quantify the effects of the knockdown.
Upon completion of iontophoresis, which infuses neurobiotin into the auditory neuropil, the
dendritic arbor in prothoracic ganglion was backfilled for visualization with our confocal
microscopy. Before volumization, the dendritic images were visually analyzed for several
characteristics—AN staining, dendritic extensions, arbor morphology, presence of hole, and
whether the cell respects the midline boundary (Table 4).
In the control crickets, 18.2 % (2/11) of the crickets only had AN-2 stained during the
backfill procedure. In Sema1a.2-injected crickets, 17.6% (3/17) of the crickets only had AN-2
backfilled. All other crickets had both AN-1 and AN-2 stained; having only one stained AN
could affect the volumization measurements of the cells, so the images were evaluated separately
based on this information. The quality of the dendritic extensions along the edge of the cell were
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also qualitatively analyzed based on degrees of being ‘contained’ or ‘sporadic.’ Out of all the
control crickets, three had contained extensions, five had fairly contained extensions (but had
some fly away dendrites), one had sporadic extensions, and two showed very sporadic
extensions. Amongst the Sema1a.2-injected crickets, 35.3% (6/17) of the dendritic extensions
were contained, 29.4 % (5/17) of the crickets had mostly contained extensions, 41.7% (5/12) of
the crickets had a variety of sprouting dendrites that were sporadic, and only one (5.9%) of the
crickets had very sporadic dendritic extensions, which looked almost chaotic (Figure 13).
In reference to arbor morphology, 72.8 % (8/11) of the control crickets had indented
dendritic arbors, meaning they had less overall robust volume, while 59.2 % (9/17) of Sema1a.2injected crickets has indented dendritic arbors, rather than round. The presence of a hole between
the dendritic arbor and the large dendrite was observed less frequently in Sema1a.2-injected
crickets compared to Control crickets. 52.9 % (9/17) of Sema1a.2-injected crickets were
observed to have a hole, while 54.5 % (6/11) of control crickets were observed to have a hole.
Lastly, dendrites in 63.6 % (7/11) of the control crickets appeared to respect the midline
boundary and showed no small dendritic extensions away from the arbor. 58.8 % (10/17) of
Sema1a.2-injected crickets demonstrated potential midline crossing, defined as obvious
extensions of dendrites away from the arbor onto the contralateral side. Differentiating the
physical characteristics of a control and Sema1a.2- injected cricket could create evidence for a
variety of different phenotypes when Sema1a.2 is knocked down.
After performing a chi-square analysis, there were no significant differences found
between Sema1a.2-and GFP-injected crickets; however, with more samples the current trends
could become more distinguished and reveal a different phenotype, specifically in arbor
morphology (Figure 14).
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Table 4. Physical Characteristics of Backfilled Crickets’ Ascending Neurons
Injection
Type

Cricket Name

Dendritic
Arbor
Presence
ANs Filled Extensions
Concavity of Hole
†

Respects
Midline
Boundary?

210325GM2

Both

+

indented

No

No

210219GM4

Both

+

indented

Yes

No

190401G GFP

Both

+

indented

No

Yes

190401F GFP

Both

++

indented

No

Yes

201027GM3

AN-2 only

+++

indented

Yes

No

210223GF3

AN-2 only

-

round

No

Yes

180926A

Both

-

indented

Yes

Yes

201005UF

Both

+

indented

No

No

201027UM1

Both

+++

round

Yes

Yes

201109UF

Both

+

round

Yes

Yes

181024B

Both

-

indented

Yes

Yes

210325S11M1

Both

+

indented

No

201110S11F1

Both

-

No

210223S11M1

Both

++

indented
indented

No
Yes

Yes

Yes

201110S11F2

Both

-

indented

Yes

No

181031D R1

Both

+

round

No

No

181031C R1

Both

-

round

Yes

201110S11M2

Both

-

indented

Yes

No
Yes

210326S12F1

Both

-

round

No

Yes

190220E R2

Both

+

round

No

Yes

190130E R2

Both

+++

round

Yes

No

201110S12F1

Both

-

round

No

Yes

210226S12F2

Both

++

round

No

No

210325S12subM2

Both

++

indented

yes

No

210326S12subF2

Both

++

round

yes

No

210224S11M2

AN-2 only

++

indented

Yes

No

210226S12F1

AN-2 only

++

indented

No

No

210219S12subM3 AN-2 only
++
indented
Yes
† Contained (–), pretty contained (+), sporadic (++), very sporadic (+++)

Yes

GFP

Uninjected

Sema
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A

B

Figure 13. Whole Main ROI volumization of A) GFP-injected control crickets (n = 11) produced
via Imaris and B) Sema1a.2-injected crickets (n = 17). The white box indicates the identified
midline region for the individual PTG and the coloring indicates distance from origin. Whole
Main among Sema1a.2- injected crickets had a much greater range of variability compared to
controls, ranging from very contained cells (right figure in B), to overly sporadic and possibly
chaotic as seen on the left figure in B. Control cells had a lower variability and were primarily
contained or “pretty contained.”
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Percentage of Crickets
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Sema
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0
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Sporadic

Arbor Concavity

Dendritic Extensions

D
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Percentage of Crickets

Percentage of Crickets

C

40

20

Round

80
60
40
20
0

0
Yes

No

Presence of Hole

Respects Midline Boundary?

Figure 14. Chi-square analysis of the physical characteristics of backfilled cricket ascending
neurons. A) Dendritic extensions (contained denotes – and + while sporadic denotes ++ and
+++), B) Arbor concavity, C) Presence of Hole, and D) Respects midline boundary? Respecting
the midline boundary, which means there are no extensions across the midline towards the
contralateral side, shows the most promise for potential significant difference with increase in
cohort. Specifically, the midline boundary seems respected less frequently in Sema1a.2-injected
crickets, 59% of Semas, compared to only 36% in controls.
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Quantitative Analysis
All of the confocal images (n = 28) were volumized using Imaris based on the four
ROIs—PD, CWM, and WM—and were found to have a normal distribution (Figure 15).
However, Sema1a.2-injected CBM ROIs were not found to have a normal distribution (Figure
16). Upon performing a two-way ANOVA test along with a protected Bonferroni multiple
comparisons post-test on the data collected from the volumized images, the WM, PD, CWM, and
CBM ROIs were found to have no significant differences (>0.999 adjusted p-value) between
control and Sema1a.2-dsRNA injected crickets that had both AN-1 and AN-2 stained (Table 5).
However, with an increase in sample size, the current trends might become more distinguished,
such as volume of crossing within and beyond the midline, which currently show a trend towards
a higher average in Sema1a.2-injected crickets compared to controls. Sema1a.2-injected crickets
had an average volume of 286.1 and 49.6 um3 for CWM and CBM, respectively, while control
crickets had average volumes of 280 and 31.1 um3, respectively. A two-way ANOVA was
performed separately on specimen that only had AN-2 stained. Similar results were observed,
except the p-value of WM was found to be 0.2661 compared to >0.9999 (Table 6).
Additionally, the ratio of CWM and CBM volume compared to WM volume was
calculated and compared between controls and Sema1a.2-injected crickets. While there was no
significant difference between the two groups (p-value 0.5548), the volume ratio average of
Sema1a.2-injected crickets was 0.0105 compared to the control volume ratio average of 0.00878
(Table 7; Figure 17). With an increase in cohort this difference could become more prominent
and significant. Only crickets with both ANs stained were used for this analysis.
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Figure 15. Direct comparison of volume distribution of cohort with both ANs stained for all four
ROIs—A) posterior dendrites, B) whole main, C) crossing within midline, and D) crossing
between midline—with error bars for standard deviation from the mean. In C & D, Sema1a.2injected crickets have a higher mean than the control crickets, although not significantly
different.
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Figure 16. Direct comparison of volume distribution of cohort with only AN-2 stained for all
four ROIs—A) posterior dendrites, B) whole main, C) crossing within midline, and D) crossing
between midline—with error bars for standard deviation from the mean. In A-C, Sema1a.2injected crickets have a higher mean than the control crickets, although not significantly
different.

Table 5. Bonferroni Multiple Comparisons Protected Post Test Results of Both ANs
Average Volume (um3)
ROI
Bonferroni multiple comparisons test
GFP
Sema
Crossing Within Midline (CWM)

280

286.1

>0.9999

Crossing Beyond Midline (CBM)

31.1

49.64

>0.9999

Posterior Dendrites (PD)

1013

966.1

>0.9999

Whole Main (WM)

34824

33555

>0.9999
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Table 6. Bonferroni Multiple Comparisons Protected Post Test Results of Only AN-2 Stains
Average Volume (um3)
ROI
Bonferroni multiple comparisons test
GFP
Sema
Crossing Within Midline (CWM)

42.25

104.2

>0.9999

Crossing Beyond Midline (CBM)

35.85

9.573

>0.9999

Posterior Dendrites (PD)

624.0

1112

>0.9999

Whole Main (WM)

14400

24612

0.2661

Table 7. Unpaired T-Test of Volume Ratio Between CWM/CBM and WM
Average Ratio
Cohort
P-value
Sema
Control
Both ANs

0.0105

0.00878

0.025

0.010

0.015

0.005

0.010

0.000

0.005

-0.005

Difference between means

0.015

0.020

Percent Volume

0.5548

0.000
Control

Sema

Sema
Control

Figure 17. Ratio analysis of CWM + CBM volume compared to the WM volume of crickets.
Only crickets with both ANs stained were used for this analysis. There was no significant
difference between the two groups, but the average volume ratio of Sema1a.2-injected crickets
was greater than control crickets. With an increase in cohort, this trend might become more
apparent.
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qPCR Analysis
A qPCR analysis was performed to test if the intended knockdown in Sema1a.2 was
indeed occurring. Three different batches of target dsRNA were analyzed—Sema1a.2 R1 using
the minipreps protocol in 2021, Sema1a.2 R2 using the minipreps protocol in 2020, and
Sema1a.2 R2 using gBlocks (signified by “sub”) in 2021—and normalized to the GFP
expression levels. After completion of the qPCR, the results show there was a variable range of
knockdown within each batch of dsRNA (Figure 18), indicating that the amount of knockdown
for any given batch of dsRNA might be dependent on, as of yet unknown factors.
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Figure 18. qPCR analysis of Sema1a.2 targeted dsRNA knockdowns using three different
crickets for three different dsRNA batches: 1) Sema1a.2 Region 1 using PCR minipreps from
2021, 2) Sema1a.2 Region 2 using PCR minipreps from 2020, and 3) Sema1a.2 Region 2 “sub”
using the gBlock sequencing protocol. There is a wide variability in the percent knockdown
within each dsRNA batches, which could signify that percent knockdown is relative to each
individual insect. Cricket number is indicated over bars.
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DISCUSSION
Effects of Semaphorin Knockdowns
Using a relatively new backfill technique for visualization of Gryllus bimaculatus
Ascending Neurons, we were able to obtain qualitative and quantitative data on dendritic arbor
morphology on crickets injected with either Sema1a.2 or GFP dsRNA. One of the goals of this
study was to add to the data set of that previously collected by a former honors student, Jack
Moynihan, whose research piloted the iontophoresis protocol and expanded on the Horch lab’s
understanding of what role Sema1a.2 might play in the neuronal plasticity of the cricket auditory
system. Previously, the Horch Lab had a sample size of only 10 crickets (GFP n = 2; uninjected
n = 3; Sema n = 5), and, in this study, we were able to almost triple this sample size (n = 28).
Although the previous sample size was small, preliminary results from Horch Lab research using
qualitative observations, percent area, and Sholl analysis showed promise for a possible
phenotypic effect of the Sema1a.2 knockdown procedures. However, in this study we found no
significant differences between Sema1a.2-injected and control crickets.
Upon first analyzing the images of the cricket ANs morphology qualitatively using a chisquare test, there were no significant differences between Sema1a.2-injected and controls among
the four physical characteristics—dendritic extensions, arbor concavity, presence of hole, and
midline boundary (Figure 14). However, we noticed some trends in the data, namely that
Sema1a.2-injected crickets were more likely to not respect the midline of the PTG compared to
the controls (59% compared to 36%). In the samples in which dendrites appeared to grow across
the midline, there were distinct dendritic extensions observed crossing the midline, which could
be a possible indicator for a Sema1a.2 knockdown phenotype that could be clarified upon the
addition of more crickets to the sample size. Additionally, it was noted that even when there was
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clear midline crossing observed, the volume of the branching dendrites was quite variable across
the sample size regardless of the clarity of their crossing. Some crickets with obvious midline
crossing had thin but long extensions, while others had a large quantity of shorter, but more
dense midline extensions. This is one of the reasons I believe we observed no significant
differences between Sema1a.2-injected and control crickets upon analysis of our volumetric data.
The high amount of variability between crickets makes observing a statistical difference quite
challenging. In addition, it is possible that the amount of midline crossing we see might be
dependent on the batch of dsRNA used for injection as well as other contributing factors, on
which I will elaborate later in the discussion.
Quantitative analysis of the data observed upon the volumization of the cricket ANs also
showed no significant difference between Sema1a.2-injected crickets and controls (Tables 5 &
6). When looking at the trend in means between the two groups, however, the CBM volume
average between the Sema1a.2-injected crickets and controls was higher—49.64 um3 compared
to 31.1 um3, respectively. This shows potential to become more distinguished with an increase in
sample size. With regard to growth within the midline, we expected to see some control crickets
show growth within this region, but we had not expected to see as many controls with dendrites
that extended beyond the midline volume to the contralateral side. However, Sema-injected
crickets in this ROI still have an intriguing difference in midline volume, which could become
more distinct with additional data and could be due to the previously stated evidence regarding
the variability in CWM and CBM density/length across crickets.
In samples in which only AN-2 was stained (n=5), an interesting trend was observed for
WM volume values between Sema1a.2 and control crickets. The average volume for Sema1a.2 injected crickets was 24612 um3 compared to the controls with 14400 um3 (p-value = 0.2661),
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which was not a significant difference, but had a much lower p-value than the other ROIs in this
group of crickets. Because only AN-2 was stained in these images, it might be interesting to look
into how Sema1a.2 might affect AN-2 individually compared to AN-1 in the future. It could be
possible that Sema1a.2 affects AN-1 and AN-2 differently, such as Sema1a.2 knockdown might
influence general dendritic sprouting of AN-2, which is why we only see this trend in the AN-2stained cells. Based on the literature, we might expect to see a larger impact of Sema1a.2
knockdown on AN-2, because AN-2 morphology has been observed to be more affected upon
deafferentation (Horch et al., 2017).
The last portion of the statistical analysis looked at the differences in the volume of
dendrites that crossed into the midline region and beyond in proportion to the overall volume of
the whole dendritic arbor. Because there is such a high range of variability between crickets,
such as PTG AN size relative to cricket size, the batch of dsRNA, and many other external
factors, this could cause the range in volumes between samples to be very different. By
normalizing the CWM and CBM data to the total volume of the individual cell, we hoped to
control for within-cell variability in volume. Interestingly, there was a trend in data showing that
there was a higher volume of dendrites that crossed into and beyond the midline in Sema1a.2
injected crickets compared to the controls, which supports our hypothesis. Finding a better
method for normalizing the data in the future could help with the variability among the subjects
and with an increase in cohort this trend could become more significant.
Overall, the effect of the Sema1a.2 knockdown experiments did not have as clear results
as we had hoped and expected, but this allows for more opportunity to perfect our experimental
techniques and further investigate the mechanism for neuronal plasticity in an injured cricket
auditory system.
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qPCR Variability
Upon a qPCR analysis of the different batches of dsRNA used for the cricket injections,
we found a wide range of variability in percent knockdown of the Sema1a.2 protein within each
batch of dsRNA (Figure 18). The inconsistency in the effectiveness of the dsRNA injection
within each cricket could be due to variety of factors, such as how each individual cricket reacts
to the injection, how the injection was performed, or other factors that we do not yet know how
to control for. The percent knockdown for each injected cricket could directly affect how much
midline crossing is observed in the ANs, which is why its variability is concerning. Thus far, we
have been unable to measure knockdown in the PTG of the cricket and also complete the
visualization of the backfilled cells. In the future, we would like to explore using the amount of
knockdown in the two more posterior thoracic ganglia as a proxy for the amount of knockdown
in the PTG. For example, after performing knockdown and backfills, we could harvest both the
prothoracic and mesothoracic ganglia. We would visualize the ANs in the PTG as explained
here, but, in addition, we could assess the effectiveness of the knockdown by examining the
levels in the mesothoracic ganglia. After some initial experiments to confirm how wellcorrelated knockdown is between the PTG and the mesothoracic ganglia, we could correlate the
amount of midline crossing or general sprouting observed in each cricket with the extent of
Sema1a.2 knockdown. In this way, we might be able to control for or explain at least some of the
variability we are seeing in AN growth result.

Potential Mechanism for Sema1a.2
As mentioned in the introduction, the expression levels of Sema1a.2’s receptor, PlexinA,
are extremely low in the PTG (Figure 4b), which indicates that Sema1a.2 might depend on a
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different signaling pathway to influence midline crossing (Horch et al., 2019). Sema1a is an
intriguing protein of interest because it has participated in “bi-directional signaling” in multiple
organisms. This means that Sema1a can participate in both forward and reverse signaling
pathways to mediate neural circuit assembly as a guidance cue (Battistini & Tamagnone, 2016).
This non-traditional signaling pathway might be the answer to how Sema1a is functioning in the
auditory system’s compensatory recovery.
Traditionally, Sema1a would act as a ligand and signal for PlexinA, its receptor, to
initiate its function. Upon binding to PlexinA, Sema1a could act as either a chemoattractant or
repellent to guide dendritic and axonal growth. However, in some organisms, Sema1a acts nontraditionally by initiating its reverse signaling pathway. In the Drosophila melanogaster
olfactory system, Sema1a functions in the traditional, forward direction as a ligand for PlexinA
binding which activates motor axon defasciculation (Hernandez-Flemming et al., 2017; Sweeney
et al., 2007). However, Sema1a-dependent midline crossing relies on Sema1a’s reverse signaling
pathway. This reverse signaling pathway occurs when Sema1a acts as a receptor rather than a
ligand and instigates signaling cascades independently through its own cytoplasmic domains.
Sema1a explicitly acts as a receptor and acts independently of PlexinA, which causes Sema1a to
interact with Moesin, a protein in the ERM (ezrin/radixin/moesin) family. However, the ligand of
this reverse signaling pathway remains unknown. Upon interacting, the activity of Rho (a small
GTPase) is inhibited, which consequently increases Fas2-mediated cell-cell adhesion, resulting
in axon fasciculation (Figure 19; Battistini & Tamagnone, 2016). The adhesive response
expressed through Sema1a’s reverse signaling pathway has been found to mediate midline
crossing in Drosophila, which makes it a promising candidate to contribute to midline crossing
in G. bimaculatus.
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Sema1a’s reverse signaling pathway in the olfactory system of Drosophila also plays an
influential role in the dendritic targeting of projection neurons (PN) as well as PN axon targeting.
Knockdown experiments targeting Sema1a in this system cause detrimental effects in dendrite
and axon targeting, indicating its role as a receptor. However, later in development, Sema1a acts
as a ligand for PlexinA to mediate axonal growth (Battistini & Tamagnone, 2016). This example
shows the versatility of one semaphorin molecule participating in reverse signaling as a receptor
as well as traditional signaling as a ligand, which is very intriguing for Sema1a’s role in the
cricket. Additionally, class 6 Semas, which are also transmembrane proteins, are observed to
function via a reverse signaling pathway. Sema6D regulates endocardial cell migration by
functioning as both a ligand and receptor for PlexinA1 (Toyofuku et al., 2004). While this is not
specific to the nervous system, this shows how Sema reverse signaling can influence cell
migration, organization, and patterns through the flexibility of Sema as both a receptor and
ligand.
In multiple organisms, Sema1a has been found to have an impactful role in axonal and
dendritic development (Terman et al., 2002). There are also numerous occurrences of Sema1a’s
reverse signaling influencing guidance molecules that target axons and dendrites, specifically
(Battistini & Tamagnone, 2016; Hernandez-Flemming et al., 2017; Sweeney et al., 2007).
Additionally, previous research has expanded on Sema1a’s functionality by correlating the
expression levels of Sema1a.2 mRNA with critical events in the compensatory recovery of the
cricket auditory system after deafferentation. Using these potential findings, if future research
helps confirm Sema1a.2 as having a causative role in the neural plasticity of the adult cricket
auditory system following deafferentation, we hypothesize that it follows a reverse signaling
pathway to facilitate this phenomenon.
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Figure 19. Diagram of Sema1a signaling pathways present in Drosophila melanogaster’s
neuromuscular development. A) traditional forward signaling pathway of Sema 1a by acting as a
ligand for PlexinA, which activates axon defasciculation in motor neurons. B) reverse signaling
pathway of Sema1a acting as a receptor for PlexinA in photoreceptor neurons, which results in
axon fasciculation. Figure obtained from Battistini and Tamagnone 2016.

What if Sema1a.2 Alone Is Not the Answer?
Based on our data from this study, we can conclude that Sema1a.2 is not likely to be the
sole causative or instructive factor in the compensatory plasticity observed in the auditory system
of the cricket. This could be due to a variety of factors. For example, Sema1a.2 might not act
independently, or there are growth factors or other proteins might contribute and play a causal
role in this system. Other proteins in the Semaphorin family could be contributing to the
plasticity along with Sema1a.2, indicating that we may need to knockdown multiple proteins in
order to see a phenotypic effect. A potential Semaphorin protein that could be working with
Sema1a.2 is Sema2a.
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Previous research in the Horch Lab has looked at the mRNA expression levels of Sema2a
in the prothoracic ganglion of the embryonic and adult cricket. Sema2a is a developmentally
regulated protein and was observed to be present in the mushroom bodies of the developing and
adult cricket brain (Maynard et al., 2007). Sema2a has been thought to modulate synaptic
plasticity, making it an intriguing candidate to examine. Sema2a has shown the most potential
for this partnered role, but other proteins in the Semaphorin family could play a role in the
mechanism as well.
The results from this study could also indicate that the semaphorins play no function in
the neuronal plasticity of the cricket nervous system and it might be other protein families that
are causing this phenomenon. Other protein proteins include the toll receptors, retinoic acid
pathway proteins (dehydrogenases), protein yellows, MAGUC, oxidoreductase, cytochrome
P450, and a-amylase. Among these proteins, the toll receptors show particular promise. The toll
and toll-like receptors (TLRs) are also transmembrane proteins that have functional roles in
development as well as immunity. More specifically, in Drosophila melanogaster, Toll has been
found to be a critical mediator of embryonic ventralization by contributing in intracellular
signaling activity (Schuster and Nelson, 2000). Additionally, the TLRs have influential
neurological roles in processes such as neurogenesis, axonal growth, and structural plasticity.
One TLR, TLR8, has been shown to increase neurite growth when expression level is low and is
strongly expressed in early embryogenesis in mice by acting to inhibit neurite outgrowth (Okun
et al. 2011). This family of proteins shows great potential for also having an influential role in
neuronal plasticity of insects, which is why the Horch Lab might focus on these proteins in the
future. Also, an enrichment analysis completed on RNAseq data in the Horch Lab found a
number of members of this Toll signaling pathway to be differentially after deafferentation.
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Cricket Maturation Rate
The significant difference found in our analysis of cricket maturation rates in relation to
GFP vs Sema1a.2 injected crickets shows a promising result (p-value = 0.0171). GFP dsRNAinjected crickets took 13.3 days from injection to mature into adults while Sema1a.2 dsRNAinjected crickets took 15.4 days to mature into adulthood. These results are intriguing because
they suggest that the absence of Sema1a.2 yields an altered phenotype with a prolonged
maturation rate. Additionally, female and male crickets were seen to mature by 14.5 and 15.2
days after injection, respectively, which should be controlled for in the future. This trend, female
crickets maturing more quickly than males, reflects the standard knowledge. When Sema1a.2 is
knocked down after injection, perhaps essential developmental processes Sema1a is associated
with in other organisms, such as cellular development and more specifically axonal guidance, are
prolonged due to the decrease in Sema1a.2 protein levels (Syed et al. 2016).

Backfill Techniques
Preliminary research for this study was difficult to analyze due to unwanted background
fluorescence in the backfilled cricket PTGs. Throughout the past semester, we have worked on
isolating key factors that improve the backfill technique to ensure clear images for analysis.
Some of the most influential factors for were found to be the following: 1) suction electrode tip
characteristics and 2) method of auditory neuropil localization.
Suction electrode diameter, as well as the cleanliness of the tip, directly affected the
success of the backfill procedure. If the diameter of the tip was too narrow (< 60 μm) the
necessity for the electrode to be placed directly over the auditory neuropil is heightened, which
made localizing the auditory neuropil increasingly difficult. In contrast, if the tip diameter was
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too large (> 90 μm) then there was too much area covered by the suction electrode, which lead to
overstaining unwanted cells. With electrodes that were within these two extremes, there was
more room for slight error compared to the smaller diameters, but not as big of a surface area as
the larger diameters. Being aware of the electrode tip diameter, in addition to ensuring it had a
clean, smooth surface, was essential to ensuring a successful localization of the auditory
neuropil.
Future Directions
A major limitation in this study is the low number of GFP and Sema1a.2 injected
crickets, which is why uninjected crickets had to be included for analysis. Without the five
uninjected crickets in the control group, there would only have been four GFP crickets that had
both ANs backfilled. Out of the twenty-four GFP-injected control crickets that had a successful
maturation to adulthood, only four images were successful, meaning that both ANs were stained,
and the image was not too busy—this is a 16.7% success rate. Additionally, the Sema1a.2
injected crickets only had fifteen successful images out of the seventy-four crickets (20.3%
success rate) that had a successful maturation to adulthood. These outcomes are relatively low
and, in the future, understanding why so many backfill attempts are unsuccessful and addressing
these issues could vastly improve our success rate. Additionally, these percentages do not
include the crickets that were injected but died before adulthood. In the future, conducting
backfill procedures that will ensure a successful visualization will be incredibly beneficial to
elucidating more information about this phenomenon.
Additionally, in many of the images used in the current analysis, some still had varying
levels of background fluorescence. It is possible that how well the cells were stained and how
many cells were stained could directly affect the image analysis results. Because there was such
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variability in between each image, due to both the laser intensity and quality of the image, the
manual threshold value used for analysis was relative and adjusted by my personal judgment.
While the amount of surface covered was adjusted manually during the volumization process and
was intended to remain consistent, I still noticed slight adjustments in threshold could
dramatically influence how much volume was measured. Without an automatic threshold that
was applied consistently across images, the volumes measured could be skewed based on small
adjustments made throughout the process. Using only the automatic threshold value that would
be calculated would be even more variable because of the differences in image quality, which is
why manual threshold placement needed to be used. Additionally, to have more accurate
analysis, finding a standardized Ascending Neuron volume for comparative analysis would be
extremely helpful. This would help exclude outliers from the analysis by using standard
deviation from the norm. I suspect that there were a few true outliers in both control and Sema
injected samples.
Because the results showed no significant differences between Sema1a.2 injected crickets
and controls for the morphological characteristics measured, this causes us to wonder if maybe
Sema1a.2 alone may not induce the neuronal plasticity in the cricket. Future experiments to test
whether or not Semaphorin family members actually play a role in this neuronal plasticity could
be a double knockdown experiment that targets Sema1a.2 and Sema2a. If the knockdown of both
Sema1a.2 and Sema2a shows a significant effect on the general dendrite growth crossing, this
could mean that multiple Semas play a role in this plasticity. Additionally, if the Horch Lab were
to look outside the Semaphorin family, we could perform knockdown procedures that target
other proteins such as the TLRs and related proteins.
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Overall, the findings in this study showcase trends that might suggest Sema1a.2 plays an
influential role in the neuronal plasticity of the cricket auditory system. Some of the most
interesting observations made were the differences between controls and Sema1a.2 injected
crickets in obvious midline crossing, dendritic arbor volume within for AN-2 neurons, and the
ratio of CWM/CBM to WM volume. For all of these quantified characteristics, trends in the data
indicate that that Sema1a.2 might have influenced dendritic sprouting. If future work can
increase the sample size, these observations could become significant. These results also raise
additional questions as to what other factors might be affecting this process. Future experiments
will hopefully narrow down the potential proteins in volved in this process, and I hope that the
findings in this study will serve as a foundation for future research in the Horch Lab.
.
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APPENDIX A: FIGURES AND TABLES IN BLACK AND WHITE

Figure 1. Image of Ascending Neuron-1 and Ascending Neuron-2, which both include a mirror
image pair not shown, within the prothoracic ganglion (TG1 ~ thoracic ganglion 1; also known
as PTG). The cell body is located on the contralateral side of afferent input while the dendrites
are on the ipsilateral side to the afferent input and respect the midline. Image obtained from
Kostarakos and Hedwig, 2017.
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Figure 2. A) Prothoracic ganglion of uninjured cricket. Shows Ascending Neuron-2 mirror
image pair (green and gray) over their respective auditory afferents (“red mitten”). Medial
dendrites approach the midline (dotted line) but do not cross. The soma (S) is located on the
contralateral side of the dendrites and axons (Ax) extend upwards toward the brain. B) Upon
deafferentation the medial dendrites that usually respect the midline are seen to sprout across this
boundary and form connections with the contralateral auditory afferents. This leads to the
compensatory recovery of the affected neurons. Image adapted from Fisher et al., 2018.

Figure 3. There are 8 different classes of semaphorins, 3 specifically are found in invertebrates
(1, 2, and 5) and all semaphorins contain a highly conserved Sema domain (red rectangle). These
proteins are highly regulated during development and play key roles in developmental neural
plasticity. Figure obtained from Neufeld et al., 2012.
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A)

B)

Figure 4. In situ hybridization targeting Sema1a.2 (A) and Plexin A (B) in the prothoracic
ganglion of the cricket. A) Image of Sema1a.2 expression (purple) in the prothoracic ganglion of
the cricket (pink). B) Plexin A was almost entirely absent in prothoracic ganglion. Figures
adapted from Horch et al., 2019.

Figure 5. Sema1a.2 mRNA levels following deafferentation of cricket, Gryllus bimaculatus.
Eighteen hours after deafferentation, mRNA levels are observed to drop significantly, but after
five days they are upregulated to near control levels again. Figure adapted from previous Honors
student Megan Chong, 2015.
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Figure 6. Diagram of Sema1a.2 sequencing, which includes two mostly non-overlapping coding
regions of dsRNA to ensure no off-target effects. Sema1a.2 R1 (dark purple) targets a 331 base
pair sequence in both the miniprep and gBlock PCR template protocol. However, the Sema1a.2
R2 (blue) targets a 206 base pair sequence in the miniprep protocol and the gBlock protocol
targets a 140 base pair sequence (turquoise), which is missing the last 66 base pairs of the
miniprep sequence. All regions are not within the conserved Sema domain (light purple). The
green region is the transmembrane domain. Figure adapted from Shannon Knight, 2017.

Figure 7. Sema1a.2 R1 and R2 sequences used for dsRNA synthesis. Region 1 included a 331
base pair sequence, while Region 2 targeted a 206 base pair sequence. The two regions slightly
overlap. Figure adapted from Jack Moynihan, 2019.
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Table 1. gBlock Sequences for dsRNA Synthesis

Table 2. Master Mix Components for Transcription Reaction
Component

1x PCR reaction

RNAse-free water

6 ul

C

2ul

A

2ul

G

2ul

U

2ul

T7 10X reaction buffer

2ul

Enzyme mix

2ul

PCR Template*

2ul

*PCR template: either minipreps or gBlock
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Brain

PTG
Figure 8. Diagram of backfill procedure performed on injected crickets. A suction electrode
(purple tip) is placed on the auditory neuropil exposed on the surface of the brain. Once the
auditory neuropil is localized via the playing of specific sound frequencies known to induce a
response, neurobiotin is iontophoresed using positive, alternating electric pulses. The dye is
picked up by cells that travel down the axon of the ascending neuron overnight to the cell bodies
in the prothoracic ganglion (PTG). Figure adapted from Kostarakos and Hedwig, 2017 and
previous honors student, Sam Brill-Weil, 2020.
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Figure 9. Regions of interest in volumetric data analysis via Imaris: A) Posterior Dendrites B)
Whole Main C) Crossing Within Midline D) Crossing Beyond Midline. Determination of each
ROI was relative to each individual backfilled cell.
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A

B

C

D

E

Figure 10. Volumized confocal microscopy image of a Sema1a.2- dsRNA injected cricket via
Imaris. A) Localization of midline within the prothoracic ganglion of the cricket using Imaris.
The fluorescent glial cells were used an indicator for placement of the rightmost white
rectangular box. B) Once the midline was identified, volumetric analysis of the CWM ROI could
be completed and observed as shown above. C) CBM for this specific cell as well as D) Posterior
dendrites and E) Whole Main, which included the posterior dendrites. Pink and blue coloring
indicate distance from origin.
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Figure 11. Ascending Neurons in the PTG of Gryllus bimaculatus were stained via iontophoresis
and visualized using confocal microscopy at a 40x objective. The cohort of images were
analyzed of a variety of physical characteristics to potentially identify differences between
Sema1a.2 and control cricket cells. The images were analyzed on the following on four
characteristics: A) Sporadic vs contained dendritic extensions. Sporadic cells appear to have
many singular dendritic extensions from the arbor as well as the tail of the cell, which make it
appear less ‘tamed.’ Contained cells appear more bounded and have little to no abnormal
dendritic protrusions. B) Arbor morphology. The dendritic arbor among specimens could be
categorized as having either a round or indented boundary of the medial dendritic arbor, as
shown above. Indented boundaries have a less robust arbor compared to round cells. C) Midline
boundary. The appearance of the dendrites closest to the midline were analyzed to be either
respective of the midline boundary, meaning there was an observed roundness at the edge of the
arbor, or ‘crossed,’ meaning there were observed dendrites extending outward of the arbor and
toward the midline. D) Presence of hole in between the medial dendritic arbor and the base of the
large dendrite.
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Table 3. t-test Results Investigating Effects of Injection Type and Sex on Cricket Maturation
Timing
n
Mean (days)
SD
t-test (p-value)
GFP
Sema 1a.2
Female
Male

24
74
49
49

13.3
15.4
14.5
15.2

3.33
3.70
3.65
3.77

0.0171
0.401

Figure 12. Comparison of cricket maturation timing, specifically between: A) Sema- vs GFPinjected crickets and B) Male vs Female crickets. A significant difference was observed between
Sema- and GFP-injected cricket maturation rates (p = 0.0171). The right portion of the figures
indicated the difference between the two group means. In Figure A, a large difference is
observed between the Semas and GFPs.
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Table 4. Physical Characteristics of Backfilled Crickets’ Ascending Neurons
Injection
Type

Cricket Name

Dendritic
Arbor
Presence
ANs Filled Extensions
Concavity of Hole
†

Respects
Midline
Boundary?

210325GM2

Both

+

indented

No

No

210219GM4

Both

+

indented

Yes

No

190401G GFP

Both

+

indented

No

Yes

190401F GFP

Both

++

indented

No

Yes

201027GM3

AN-2 only

+++

indented

Yes

No

210223GF3

AN-2 only

-

round

No

Yes

180926A

Both

-

indented

Yes

Yes

201005UF

Both

+

indented

No

No

201027UM1

Both

+++

round

Yes

Yes

201109UF

Both

+

round

Yes

Yes

181024B

Both

-

indented

Yes

Yes

210325S11M1

Both

+

indented

No

201110S11F1

Both

-

No

210223S11M1

Both

++

indented
indented

No
Yes

Yes

Yes

201110S11F2

Both

-

indented

Yes

No

181031D R1

Both

+

round

No

No

181031C R1

Both

-

round

Yes

201110S11M2

Both

-

indented

Yes

No
Yes

210326S12F1

Both

-

round

No

Yes

190220E R2

Both

+

round

No

Yes

190130E R2

Both

+++

round

Yes

No

201110S12F1

Both

-

round

No

Yes

210226S12F2

Both

++

round

No

No

210325S12subM2

Both

++

indented

yes

No

210326S12subF2

Both

++

round

yes

No

210224S11M2

AN-2 only

++

indented

Yes

No

210226S12F1

AN-2 only

++

indented

No

No

210219S12subM3 AN-2 only
++
indented
Yes
† Contained (–), pretty contained (+), sporadic (++), very sporadic (+++)

Yes

GFP

Uninjected

Sema
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A

B

Figure 13. Whole Main ROI volumization of A) GFP-injected control crickets (n = 11) produced
via Imaris and B) Sema1a.2-injected crickets (n = 17). The white box indicates the identified
midline region for the individual PTG and the coloring indicates distance from origin. Whole
Main among Sema1a.2- injected crickets had a much greater range of variability compared to
controls, ranging from very contained cells (right figure in B), to overly sporadic and possibly
chaotic as seen on the left figure in B. Control cells had a lower variability and were primarily
contained or “pretty contained.”
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Figure 14. Chi-square analysis of the physical characteristics of backfilled cricket ascending
neurons. A) Dendritic extensions (contained denotes – and + while sporadic denotes ++ and
+++), B) Arbor concavity, C) Presence of Hole, and D) Respects midline boundary? Respecting
the midline boundary, which means there are no extensions across the midline towards the
contralateral side, shows the most promise for potential significant difference with increase in
cohort. Specifically, the midline boundary seems respected less frequently in Sema1a.2-injected
crickets, 59% of Semas, compared to only 36% in controls.
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Figure
15.
Direct
comparison of volume distribution of cohort with both ANs stained for all four ROIs—A)
posterior dendrites, B) whole main, C) crossing within midline, and D) crossing between
midline—with error bars for standard deviation from the mean. In C & D, Sema1a.2-injected
crickets have a higher mean than the control crickets, although not significantly different.
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Figure 16. Direct comparison of volume distribution of cohort with only AN-2 stained for all
four ROIs—A) posterior dendrites, B) whole main, C) crossing within midline, and D) crossing
between midline—with error bars for standard deviation from the mean. In A-C, Sema1a.2injected crickets have a higher mean than the control crickets, although not significantly
different.

Table 5. Bonferroni Multiple Comparisons Protected Post Test Results of Both ANs
Average Volume (um3)
ROI
Bonferroni multiple comparisons test
GFP
Sema
Crossing Within Midline (CWM)

280

286.1

>0.9999

Crossing Beyond Midline (CBM)

31.1

49.64

>0.9999

Posterior Dendrites (PD)

1013

966.1

>0.9999

Whole Main (WM)

34824

33555

>0.9999
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Table 6. Bonferroni Multiple Comparisons Protected Post Test Results of Only AN-2 Stains
Average Volume (um3)
ROI
Bonferroni multiple comparisons test
GFP
Sema
Crossing Within Midline (CWM)

42.25

104.2

>0.9999

Crossing Beyond Midline (CBM)

35.85

9.573

>0.9999

Posterior Dendrites (PD)

624.0

1112

>0.9999

Whole Main (WM)

14400

24612

0.2661

Table 7. Unpaired T-Test of Volume Ratio Between CWM/CBM and WM
Average Ratio
Cohort
P-value
Sema
Control
Both ANs

0.0105

0.00878

0.5548

Figure 17. Ratio analysis of CWM + CBM volume compared to the WM volume of crickets.
Only crickets with both ANs stained were used for this analysis. There was no significant
difference between the two groups, but the average volume ratio of Sema1a.2-injected crickets
was greater than control crickets. With an increase in cohort, this trend might become more
apparent.
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Figure 18. qPCR analysis of Sema1a.2 targeted dsRNA knockdowns using three different
crickets for three different dsRNA batches: 1) Sema1a.2 Region 1 using PCR minipreps from
2021, 2) Sema1a.2 Region 2 using PCR minipreps from 2020, and 3) Sema1a.2 Region 2 “sub”
using the gBlock sequencing protocol. There is a wide variability in the percent knockdown
within each dsRNA batches, which could signify that percent knockdown is relative to each
individual insect. Cricket number is indicated over bars.
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Figure 19. Diagram of Sema1a signaling pathways present in Drosophila melanogaster’s
neuromuscular development. A) traditional forward signaling pathway of Sema 1a by acting as a
ligand for PlexinA, which activates axon defasciculation in motor neurons. B) reverse signaling
pathway of Sema1a acting as a receptor for PlexinA in photoreceptor neurons, which results in
axon fasciculation. Figure obtained from Battistini and Tamagnone 2016.
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